Abstract-Comprehensive investigations into Cu-ZnO (nano) and Cu-TiN (nano) copper-based materials by standard methods in combination with metallographic and electron microscopy investigations using energy-dispersive and thermal analyses make it possible to identify stable correlation relations between the content of nanoparticle additives, microstructural parameters, and mechanical-and-physical properties of pseudoalloys. Process procedures of increasing the distribution uniformity of modifying additives of ZnO and TiN nanoparticles over the pseudoalloy bulk excluding their conglomeration are developed and substantiated. Novel original methods of nanoparticle introducing into a matrix material in the form of a master alloy made of Cu-Al-ZnO or copper powders coated with TiN nanoparticles are proposed. A high specific surface and reactivity of nanopowders make it possible to lower the ceramic phase in electrocontact materials (down to 2.0-3.0% instead of 10-15% when compared with known commercial brands). This results in the conservation of the main properties characteristic of the matrix material (copper) such as thermal and electrical conductivity at a rather high level, while the general level of physicomechanical characteristics (hardness, strength, and wear resistance) and operational properties of composite pseudoalloys simultaneously increases. The main characteristics of copper-based composite materials are as follows: electrical resistance (ρ = 0.025 μΩ m), bonding strength to the contact support material (σ ~ 2 MPa), and dispersed ceramic phase inclusions. They reduce the electroerosive wear (up to a factor of 2.5) when compared with conventional materials.
INTRODUCTION
An analysis of the accumulated information on main physicomechanical and operational properties of electrocontact materials shows that various, often mutually contradictory, requirements are demanded for them. The fabrication of copper-based electrocontact materials and the production of their wares require an implementation of various alloys in one pseudoalloy such as rather high (commensurable with silver) electrical and thermal conductivity and, simultaneously, hardness; strength; and wear, corrosion, and electroerosion resistance. To provide the entire complex of numerous properties determining reliable operation under various conditions, dispersionstrengthened, refractory, and antifriction additives are introduced into the composite electrocontact material structure. This makes it possible to implement the required set of properties due to the rational selection of phase components [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The authors of [13, 14] and other researchers [15] [16] [17] [18] [19] [20] [21] [22] showed that the use of nanopowder additives to implement the gradient of functional properties has no alternative when developing copper-based materials of electrotechnical application because they can provide the required additional effect upon a decreased amount of additives to the matrix material without lowering its own characteristics.
It is well-known that the application of conventional methods of mixing and consolidation leads to an increase in initial sizes and agglomeration of nanoparticles, as well as the embrittlement of the matrix material [15, 19, 20] . Therefore, to fabricate materials with an increased level of properties and uniform distribution of isolated nanoparticles, it is neces-
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sary to decrease their chemical interaction and agglomeration due to alternative methods, for example, intense plastic deformation and extrusion [1] [2] [3] [4] [5] 20] .
The goal of our work is the development and substantiation of new process procedures and methods of introducing ZnO and TiN ceramic nanoparticles into the structure of copper-based electrocontact materials, which provides their uniform homogeneous distribution over the bulk and, consequently, an increase in the physicochemical properties of copper-based pseudoalloys.
EXPERIMENTAL
Plasticized copper-based powder mixtures of various chemical and granulometric compositions were compacted in molds with a rigid matrix under specific compaction pressure P ≤ 500 MPa into pellets 10 × 10 mm in diameter, samples of KMK101020 electrical contacts (TU (Technical Specifications) 16-685.020-85), control fillets 5 × 10 × 5 mm, and plates 0.5 mm in thickness to perform laboratory experimental investigations of physicomechanical properties and stand operational tests.
Samples sintered in several stages in vacuum were additionally calibrated at P = 800-1000 MPa, after which they were annealed in vacuum at t = 500 ± 20°C to remove residual stresses. The microstructure was investigated at the Joint Use Center of the Siberian Federal University by electron microscopy and energy dispersive microanalysis by the characteristic X-ray radiation spectra using Jeol JSM 6490LV and Jeol JSM 7001F (Jeol, Japan) microscopes with an Oxford Instruments and Hitachi TM 1000 (Hitachi, Japan) system of microanalyzers and a Zeiss Observer Z1m optical microscope (Carl Zeiss, Germany). The intensity of densification processes was evaluated using a DIL 402 dilatometer (Netzsch, Germany), thermal analysis was performed using Jupiter STA449C (Netszch, Germany) and SDT Q600 V20.5 (Netszch, Germany) derivatographs, X-ray phase analysis was performed using a D8 Advance diffractometer (Bruker, Germany), and wettability of contact materials was studied using a Kaplya universal vacuum installation (OOO NII Izoterm, Bryansk). Electrical contacts were tested by hardness, resistivity, and wearing intensity (electroerosion wear) according to ISO standards and industrial procedures at the base of the Central Works Laboratory of the Divnogorsk LowVoltage Circuit-Breaker's Works.
RESULTS AND DISCUSSION
In the statement of goals and targets of our experimental investigations, we primarily started from the necessity of providing resistance to the electric arc effect and prevention of weldability under peak current loads (switching on-switching off). The analysis of the data accumulated by the results of investigations shows that this can be attained due to arc-suppressing additives of ceramic compounds (CdO, CuO, ZnO, WC, and TiN) or high-temperature metals (Mo and W).
When determining the necessary (optimal) amount of the oxide (ZnO) or nitride (TiN) phase in the structure of heterophase composite pseudoalloys, we preliminarily numerically evaluated the required concentrations of nanophase additives by computational and experimental methods, including the use of stereological models for bimodal systems [23] .
The electron-microscopy investigation of the microstructure, as well as the data of other researchers [15] [16] [17] [18] 20] , evidence that exceeding the threshold concentration (of about 8 wt %) leads to the formation of nanoparticle aggregates and skeleton network along grain boundaries. Such structural metamorphoses are inadmissible because of the substantial increase in electrical resistance (up to 120 μΩ) and the simultaneous embrittlement of a matrix material and a decrease in strength (by a factor of 1.5-2.0).
To prevent such unfavorable effects, we proposed new original methods of introducing nanoparticles into the material structure in the form of the master alloy. To fabricate electrocontact materials, we used PMS-1 copper powder (GOST (State Standard) 4960-2009) with average particle size d = 7 μm, zinc oxide powder (formed by shockwave synthesis or by chemical precipitation from the salt solution) with particle size d = 8 nm (Fig. 1a) [15, 24, 25] , and composite layered copper powders clad by a nanodimensional layer of titanium nitride particles synthesized in the low-pressure gas-discharge plasma (Fig. 1b) [26] .
Cu-ZnO (Nano) Pseudoalloys
We succeeded in decreasing the negative influence of the oxide phase on electrical conductivity and heat sink conditions due to the introduction of the ZnO nanopowder into the composition of the main mixture as a master alloy with copper and aluminum powders in proportion 94% Al-6% Cu. We preliminarily performed model experimental investigations into Al-Cu master alloys using nanodimensional powders of copper (d = 0.17 μm, specific surface area S = 3.9 m 2 /g) and aluminum (d = 0.13 μm, S = 16 m 2 /g), which were fabricated by the electric explosion of wares [10] .
The peculiarities of processes of structure formation of powder pseudoalloys with the application of the Cu-Al master alloy from the mixture of nanoparticles were investigated by optical and scanning electron microscopy and thermal analysis (DTA, DSC, TG- Fig. 2) .
The exothermic reaction with the formation of aluminum bronze from copper and aluminum nanoparticles starts at t ~ 548°C. Subsequently, zinc oxide nanoparticles were introduced into the master alloy consisting of a mixture of copper and aluminum RUSSIAN nanoparticles, the amount of which in the master alloy varied in a range of 6-12 wt %. In turn, the content of the master alloy of Cu-Al-ZnO (nano) powders in the composition of the main matrix material of copper is 1-5 wt %. It follows from the totality of the data acquired by methods of DTA, XPA, and electron microscopy that the intensity of heat liberation (from 875 to 2250 J/g) is sufficient for the formation of aluminum bronze interlayers in local zones between matrix (micron) copper grains (Fig. 3) . Self-heating of the Cu-Al-ZnO (nano) master alloy and further homogenization of the structure of the composite pseudoalloy (up to the temperature of about 920°C) make it possible to uniformly redistribute dispersed ZnO particles over the matrix copper bulk (Figs. 3, 4) .
The character of the distribution of nanoparticle additives over the pseudoalloy bulk is illustrated by the data of the electron-microscopy analysis (Fig. 4) . The investigation into the phase distribution and determination of the elemental composition are performed using energy-dispersive microanalysis (by the characteristic X-ray radiation spectra) and the composite contrast method. The results of determining the elemental composition in the atomic ratio are presented in the table to Fig. 4d .
Nanoparticles uniformly distributed over the copper bulk due to the exothermic reaction promote the conservation of the finely grained structure of the main material and simultaneously dispersedly strengthen the pseudoalloy (hardness increases to 110 HB when compared with 60-70 HB for matrix copper). An increase in strength is confirmed by the experimental data (see the table in p. 74 ) of the microhardness measurement and a decrease in the abrasive wear (along with the provision of arc-suppressing properties). Nanoparticles are usually distributed along grain boundaries of the matrix material (copper) (Fig. 4g) , but also over the material inside the grains. Phases of coarser aggregations 0.1-0.5 μm in size formed by ZnO nanoparticles are present.
However, the partial nanoparticle agglomeration does not lower the general required level of properties of the electrocontact material (comparable with the properties of standard brands based on KMK-A10M silver (Al-CdO)).
Cu-TiN (Nano) Pseudoalloys
The distribution uniformity of the ceramic phase (TiN) over the matrix bulk in copper-TiN pseudoalloys was provided due to the use of composite layered copper powders clad by TiN at the preliminary prepa- ration stage before mixing (by sputtering in the lowpressure arc discharge plasma) [6, 10] . The Cu-TiN composite powders (Fig. 1b) were introduced into the mixture composition in the form of the additional granulated fraction (master alloy). The bulk content of the master alloy varied in a range from 4 to 10 wt % of the main volume of the powder copper. The results of studying the microstructure of this group of composite electrocontact materials with the application of computer methods of image analysis showed a high degree of the distribution uniformity of phase components of the pseudoalloy surface (bulk) (Fig. 5a ). The distinctive feature of structural parameters is the rather regular uniform distribution of "chains" of TiN nanoparticles over interfacial boundaries of copper grains.
The investigation into the microstructure of CuTiN (nano) pseudoalloys after additional densification show that brittle TiN boundaries formed by nanoparticle chains are partially or completely destroyed. The structure with dispersion-strengthening TiN inclusions not associated with each other is formed after repeated sintering (Fig. 5b) . Figure 6 shows the results of studying the main properties of Cu-TiN (nano) materials with various contents of the ceramic phase of the ceramic phase by values of resistivity and commutation wear (depending on the strength and hardness of the matrix material), which show that the relative commutation wear vary nonmonotonically with an increase in the concentration of TiN nanoparticles. The effect of dispersion strengthening is implemented with the ceramic phase (nanoparticle) content up to 2.5 wt %, the total hardness and microhardness of the composite material increase due to the ceramic phase, and commutation wear (ε) correspondingly decreases (region 1, Fig. 6 ). However, upon attaining the critical threshold concentration of nanoparticle additives (5 wt % for this material), the degree of their contact ability and agglomeration to coarser formations increase-the material embrittles, and the wear intensity (ε) increases (region 2, Fig. 6 ). Such structural metamorphoses also explain the character of variation in resistivity-the value of ρ monotonically increases with an increase in the concentration of the ceramic phase. ZnO This is rather well-known effect, which is also confirmed by the results of other investigations [2, 7] .
We can conclude that the experimentally established optimal region of TiN additives to the matrix copper material lies in a range of 2-3 wt % (region 3, Fig. 6 ), where the material has the acceptable level of electrical resistance and, simultaneously, a decreased commutation wear.
Thus, both implemented methods of formation of Cu-ZnO (nano) and Cu-TiN (nano) pseudoalloys, notably, the surface treatment before mixing by means of deposition of a ceramic phase (titanium nitride in our case) or preliminary mixing of nanoadditives in the form (in the composition) of the low-melting master alloy made of nanopowders (Cu-Al-ZnO), provide the uniform homogeneous distribution of ceramic additives (TiN, ZnO) over the mixture bulk, compact, in the structure of the final sintered material, and, finally, an increased level of a complex of properties (the table in p. 74).
Our operational tests of electrical contacts based on the proposed methods allowed us to determine the optimal compositions of materials of a contact pair, which provide the admissible overheating level under prolonged switching-on conditions (more than 15 days)-65°C, commutation wear is 0.092 × 10 -6 g/cycle, and resistivity of materials of a contact pair is 0.025 μΩ m. We note the satisfactory arc blowing and switching-off of a contact pair under short-circuit conditions (according to the results of tests for the limiting commutation ability). The results of stand tests are presented in Table 1 .
Our materials of a copper-based contact pair by their characteristics correspond to requirements of TU .020-85 and can be recommended for the replacement of standard silver-based contacts in a range of current loads up to 100 A (up to 500 A during the short-term switching-on).
CONCLUSIONS (i) Novel data on the formation peculiarities of the structure of composite copper-based pseudoalloys modified by ZnO and TiN nanoparticles, based on which efficient process methods of introducing nanoparticles into the composition of the copperbased powder material, are proposed and substantiated. The introduction of nanoparticles into the material structure due to the use of liquid-phase distribution over the master alloy of the aluminum bronze or applying the composite layered copper-titanium nitride powders provides the uniform homogeneous distribution of nanoparticle additives of the ceramic phase over the matrix material (copper) bulk.
(ii) Optimal regions of additives of modifying ZnO and TiN nanoparticles are determined (up to 2.0-3.0% instead of 10-15% when compared with known industrial brands), according to which the main properties of the matrix material (copper) are retainedelectrical resistivity (of about 0.025 μΩ m) and electrical conductivity and the solder joint strength with the contract support material (σ cut ~ 2 MPa); simultaneously, the electroerosion wear decreases by a factor of 2.5 due to dispersed inclusions of the ceramic phase when compared with standard materials, arc quenching and prevention of welding materials of a contact pair, and general operational stability of electrocontact wares are provided. 
